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Demonstration of the function of the Arabidopsis thaliana acyl-CoA:diacylglycerol acyltransferase 2
(AtDGAT2) has remained elusive despite biochemical testing of genetic mutants and overexpression
lines. We show that transiently expressed AtDGAT2 in the Nicotiana benthamiana leaf resulted in an
increase in triacylglycerol twice as great as the increase observed following parallel expression of
AtDGAT1. AtDGAT2 showed higher conversion from labeled diacylglycerol to triacylglycerol com-
pared to AtDGAT1, and was acyl-CoA dependent. In addition, AtDGAT2 had different acyl-CoA sub-
strate preference than AtDGAT1. These results allow us to conclude that AtDAGT2 is a functional
acyl-CoA:diacylglycerol acyltransferase enzyme that can catalyse substantial increase in TAG
synthesis.
Crown Copyright  2013 Published by Elsevier B.V. on behalf of Federation of European Biochemical
society. All rights reserved.1. Introduction
The major storage lipid in seed is triacylglycerol (TAG). A
substantial part of TAG synthesis is performed by enzymes of the
Kennedy pathway, which sequentially transfer acyl moiety from
acyl-CoAs to the three regiospeciﬁc positions on glycerol back-
bones [1,2]. The last step in the acyl-CoA-dependent Kennedy
pathway of TAG synthesis is catalysed by acyl-CoA:diacylglycerol
acyltransferase (DGAT). DGAT plays an important role in fatty acid
storage [3]. In addition to DGAT catalysed TAG formation,
phospholipid:diacyltransferase (PDAT) also contributes to TAG for-
mation, in which transfers an acyl group from the sn-2 position of
phospholipids to the sn-3 position of DAG [4,5].
There are at least three divergent types of DGAT genes cloned
from eukaryotes including fungi, plants and animals [3]. The type
1 DGAT gene (DGAT1) was ﬁrst cloned from mouse (Mus musculus)
[6], and the ﬁrst plant DGAT1 gene was isolated from Arabidopsis
thaliana [7–9]. The type 2 DGAT gene (DGAT2) was isolated from
the soil fungus Mortierella ramanniana [10] with orthologes being
cloned from a limited number of plant species. A soluble DGAT(DGAT3) has been puriﬁed and cloned from developing peanut
(Arachis hypogea) cotyledons [11]. Recently, an A. thaliana cytosolic
acyltransferase with homology to this soluble peanut DGAT was
shown to contribute to triacylglycerol synthesis in sucrose-rescued
A. thaliana seed oil catabolism mutants [12]. The three types of
DGATs share little homology with each other. DGAT1 and DGAT2
enzymes are membrane proteins that differ not only in their
expression pattern [13], sequence and membrane topology, but
also in their substrate preference and localization. Plant DGAT1
normally contains up to 10 transmembrane segments [14] with
about 510–550 amino acid residues, while DGAT2 is limited to
two transmembrane segments [15] with 310–330 amino acid res-
idues. Plant DGAT1 and DGAT2 appear to have non-redundant
functions in triacylglycerol biosynthesis. DGAT1 is the main en-
zyme responsible for TAG synthesis during seed development
[14]. DGAT2s from plant species that produce high amount of unu-
sual fatty acids such as tung tree (Vernicia fordii), castor bean (Ric-
inus communis), Vernonia galamensis and Bernardia pulchella appear
to have important roles in the accumulation of unusual fatty acids
in TAG [15–18] as excellently reviewed [3,14,19]. Tung DGAT2
showed preference for producing trieleostearin [15], and castor
DGAT2 has preference for diricinolein as substrate to produce trir-
icinolein [16]. Tung DGAT1 and DGAT2 also localize to different
subdomains of the endoplasmic reticulum (ER) [15]. DGAT3 is a
soluble DGAT enzyme, and has been demonstrated for recycling
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ciated acyl-CoA:monoacylglycerol (MGAT) isoforms also have
DGAT activity and are related to DGAT2 [20–22]. In bacteria, TAG
formation is catalysed by the dual functional membrane-associ-
ated wax ester synthase/acyl-CoA:diacylglycerol acyltransferase
(WS/DGAT), which synthesizes both wax ester and TAG [23].
A. thaliana AtDGAT1 (At2g19450) was shown to have a critical
role in determining seed oil content. Mutations in the AtDGAT1
gene led to a reduced oil content [8,9,24] whilst overexpression
of AtDGAT1 in tobacco leaves exhibited a 6–7-fold increase in
TAG content [25–27]. Seed speciﬁc overexpression of AtDGAT1 in
A. thaliana, also resulted in increases in relative seed oil content
of up to 28% in homozygous progeny [28]. In contrast, the acyl-
CoA:diacylglycerol acyltransferase activity has not been demon-
strated for AtDGAT2 (At3g51520) in plant or yeast cells. Expression
of native AtDGAT2 in yeast resulted in an essentially inactive en-
zyme [16,29], and possessed negligible activity when expressed
in insect cells [10]. Furthermore, expression of AtDGAT2 in yeast
mutant H1246 [30] that is defective in its ability to synthesize
TAG failed to complement the mutant [3,5,29]. Likewise, the A. tha-
liana DGAT2 SALK mutant dgat2 showed no decrease in seed oil
content compared with the wild type. Similarly, crosses of A. thali-
ana AS11 (DGAT1 mutant) x DGAT2 mutant did not result in a fur-
ther decrease in seed oil content beyond what was already
observed with AS11 alone [5]. These observations have raised the
question whether AtDGAT2 is actually redundant to TAG formation
or non-functional enzyme.
In this report, we have used a transient leaf expression system
to test the function of AtDGAT2. We show that over-expression
of both A. thaliana AtDGAT1 and AtDGAT2 substantially increase
the oil content in leaves, with AtDGAT2 showing twofold higher
TAG production than AtDGAT1. We further show that AtDGAT2
catalyses the formation of TAG from DAG and acyl-CoA substrates
and that it has a relative preference for linolenoyl-CoA (C18:3-CoA)
or oleoyl-CoA (C18:1-CoA) compared to linoleoyl-CoA (C18:2-CoA)
when using C6:0-DAG as acyl receiver, while AtDGAT1 preferes
C18:1-CoA.
2. Materials and methods
2.1. Gene constructs
A. thaliana DGAT gene AtDGAT1 (At2g19450) was RT-PCR ampli-
ﬁed with primers AtDGAT1-F1 (50 TCGGGTACCGCTTTTCGAAA
TGGCGAT) and AtDGAT1-R1 (50-TTGGATATCGACGTCATGACATC-
GATCCTTTTC) from total RNA of developing embryo. AtDGAT2
(At3g51520) was RT-PCR ampliﬁed with primers AtDGAT2-F1
(50-GCTGGATCCATGGGTGGTTCCAGAGAGTT) and AtDGAT2-R1 (50-
ACCCTCGAGCTCAAAGAATTTTCAGCTCAA) from leaf total RNA.
PCR products were cloned into pGEM-T Easy (Promega), conﬁrmed
with sequencing, and subcloned into pENTR11 resulting in entry
clones pXZP513, pXZP514. The genes in entry vectors were recom-
bined into Gateway cloning binary vector pXZP393 for plant
expression under control of the 35S promoter. Gateway binary vec-
tor pXZP393 was modiﬁed from gateway silencing vector Hells-
gate8 [31] by deleting the intron and the second attR1-attR2
cassette. The resultant plant expression plasmids pXZP603 (AtD-
GAT1), pXZP604 (AtDGAT2) were transformed into Agrobacterium
tumefaciens strain AGL1 and used for plant leaf inﬁltration with vir-
al silencing inhibitor p19 [32] as described [33].
2.2. Leaf lipid analysis
Nicotiana benthamiana leaf segments were stained with Nile
Blue and lipid droplets visualized on a Leica SP2 laser scanning
confocal microscope (Leica Microsystems, Sydney, Australia) aspreviously described [33]. Total lipids were extracted using chloro-
form:methanol:0.1 M KCl (2:1:1, v/v/v) essentially as described
[27] with some modiﬁcation. Brieﬂy, a known amount of freeze
dried leaf tissue was ﬁrst homogenized in chloroform:methanol
in a microcentrifuge tube containing a metallic ball with TissueLy-
ser II (Qiagen, Chadstone, Australia) for 3 min at 20 frequency/s,
after which 0.1 M KCl was added. After beating again, the mixture
was centrifuged for 5 min at 10000g and the lower lipid phase
collected. The remaining phase was washed once with CHCl3 and
the lipid phase pooled with the earlier extract. Solvent of the lipid
phase was evaporated completely using N2 ﬂow and a known vol-
ume of CHCl3 was added per mg leaf dry weight.
TAG and polar lipids (PL) from a known amount of leaf were
fractionated by Silica gel 60 TLC plate (Merck, Dermstadt,
Germany) in hexane:diethyl ether:acetic acid (70:30:1, v/v/v) and
visualized by brieﬂy spraying iodine vapour. After complete fade
out of iodine stain, fatty acid methyl esters (FAME) of TAG and
PL were produced by incubating corresponding bands in 1 N meth-
anolic–HCl (Supelco, Bellefonte, USA) at 80 C for 2 h together with
known amount of heptadecanoin (Nu-Chek PREP, Inc. Elysian, USA)
as internal standard for quantiﬁcation. FAME were analyzed by an
Agilent 7890A GC-FID (Agilent Technologies, Palo Alto, USA)
equipped with a 30 m BPX70 column (0.25 mm inner diameter,
0.25 mm ﬁlm thickness, SGE, Austin, USA) as described previously
[34]. Peaks were integrated with Agilent Technologies ChemSta-
tion software (Rev B.04.03 (16)).
TAG content in leaf was calculated as the sum of glycerol and
fatty acyl moieties using the relationship: % TAG by dry
weight = 100  ((41  total mol FAME/3) + (total g FAME  (15 
total mol FAME)))/g leaf dry weight, where 41 and 15 are molecu-
lar weights of a glycerol moiety and a methyl group, respectively.
2.3. Leaf cell lysate and microsome preparation
Leaf crude lysate was prepared from N. benthamiana half leaves
ﬁve days after inﬁltration, as previously described [26]. Micro-
somal proteins were also prepared essentially as described [35]
with some modiﬁcation: brieﬂy, three half leaves were ground in
a mortar on ice with 0.1 M potassium phosphate buffer (pH 7.2)
containing 1% bovine serum albumin (BSA), 1000 units of cata-
lase/ml and 0.33 M sucrose. The homogenate was centrifuged at
20000g for 10 min. The supernatant was ﬁltered through Mira-
cloth and centrifuged at 105000g for 60 min. The resulting
microsomal pellet was resuspended in a small volume of potas-
sium phosphate buffer with 1000 units catalase/ml, ﬂash frozen
in liquid nitrogen and stored at 80 C until used. Protein content
of the microsomal preparations was measured with BCA reagents
(Pierce Chemical Company) with BSA as standard.
2.4. Dgat in vitro assay
For direct DGAT assay, [14C] sn-1,2-C6:0-DAG was used as acyl
receiver, and C18:1-CoA, C18:2-CoA or C18:3-CoA as acyl donor.
Acyl-CoAs were purchased from Sigma–Aldrich (Castle Hill, NSW,
Australia) or chemically synthesized from their mixed anhydrides
[36]. [14C] C6:0-TAG was ﬁrst chemically synthesized from [14C]
glycerol (40 mCi/mmol, American Radiolabeled Chemicals) with
the tri-ﬂuoro anhydride of C6:0 fatty acid (Nu-Chek) according to
[37], then it was partially lysed with 300 units Rhizomucor miehei
lipase (Sigma–Aldrich) per lmol TAG. The [14C] sn-1,2-C6:0-DAG
was separated from [14C] sn-1,3-C6:0-DAG by TLC with developing
solvent (hexane:diethyl ether:acetic acid, 60:40:1, v/v/v), and ex-
tracted from TLC silica. The assay was done with 50 lg protein,
10 nmol [14C] sn-1,2-C6:0-DAG, 5 nmol of acyl-CoA in 100 ll ﬁnal
volume of 50 mM HEPES buffer (pH 7.2) containing 5 mM MgCl2
and 1 mg/ml BSA for 30 min at 30 C. The reaction was stopped
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Fig. 2. TAG accumulations in N. benthamiana expressing AtDGAT1 or AtDGAT2. TAG
fraction was quantiﬁed and compared in triplicate treatments. The p19 control was
inﬁltrated on one side of the leaf and the DGAT mixture on the other side. Error bars
denote standard deviation.
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Fig. 3. Major fatty acid composition of leaf polar lipids expressing p19 only
(control), AtDGAT1 or AtDGAT2. Error bars denote standard deviation (n = 6).
Asterisks indicate statistically signiﬁcant differences compared with control (t-test,
⁄P < 0.05; ⁄⁄P < 0.001).
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v/v), vortexing and centrifuging 1 min at 6000 rpm. The CHCl3
phase was transferred to a glass tube, dried under N2(g), dissolved
in 40 ll CHCl3, loaded on a TLC-plate, and developed with hex-
ane:diethyl ether:acetic acid (70:30:1, v/v/v). Indirect assay with
labeled C18:1-DAG was achieved by using crude lysate from
expressing p19 or co-expressing MGAT2 with DGATs fed with
[14C]-labelled sn-2 MAG (55 mCi/mmol, American Radiolabeled
Chemicals, St. Louis, MO, USA) for 7.5 and 15 min as previously de-
scribed [26].
3. Results
3.1. Transiently over-expressing both A. thaliana AtDGAT1 and
AtDGAT2 in leaf increases TAG accumulation
In all experiments we have used AtDGAT1, a well-characterised
DGAT enzyme from A. thaliana, as a positive control for assessing
DGAT activity. Transient expression of both AtDGAT1 and AtDGAT2
along with the viral silencing suppressor p19 in N. benthamiana in-
creased the oil droplets in leaves 5 days after inﬁltration, visualized
by Nile Blue staining. As shown in Fig. 1, confocal microscopic
observation showed that expression of both AtDGAT1 and AtD-
GAT2 led to substantially increased numbers of leaf oil droplets
when compared to a p19 control sample.
We then fractionated the TAG and polar lipids from total leaf li-
pid extracts and conﬁrmed that the expression of both AtDGAT1
and AtDGAT2 increased TAG amount compared to the p19 control
(Fig. 2). The p19 control samples contained 24 lg TAG per 100 mg
dry leaf. Expressing AtDGAT1 increased the TAG amount to 231 lg
per 100 mg dry leaf, a 9.8-fold increase. Interestingly, expression of
AtDGAT2 resulted in a greater increase in TAG amount equal to
531 lg per 100 mg dry leaf in the same leaf, a 22-fold increase.
AtDGAT2 activity showed a double increase in TAG accumulation
compared to AtDGAT1. Finally, no obvious differences in polar lipid
amounts were observed between the leaves expressing AtDGAT1or
AtDGAT2 when compared to the p19 control (data not shown).
However, the proportion of the fatty acids in polar lipid changed
from the p19 control. AtDGAT1 slightly increased 18:1 and 18:2
with slight decrease of 18:3 ratio in the polar lipids, AtDGAT2
showed a signiﬁcant increase of 18:1, 18:2 (P < 0.001) and slight
increase of saturated fatty acids at the expense of 18:3 (Fig. 3).
3.2. Over-expression of AtDGAT2 results in a higher polyunsaturated
fatty acid proportion incorporated into TAG
Fatty acid composition analyses of the leaf TAG fraction by GC
revealed that expression of AtDGAT1 or AtDGAT2 differed in their
effect on fatty acid proﬁle of TAG. In contrast to AtDGAT1, AtDGAT2Fig. 1. Nile Blue staining of oil droplets in leaves transiently expressing (A) the silencinexpression led to signiﬁcant increase of C18:2 (P < 0.001) and
C18:3 (P < 0.001) percentages in TAG. This increase in polyunsatu-
rated fatty acids was accompanied by a concomitant decrease in
saturated fatty acids (Fig. 4, P < 0.001).
3.3. Leaf microsomal assay shows that AtDGAT2 can catalyse increased
DAG to TAG conversion via acyl-CoA:diacylglycerol acyltransferase
activity
DGAT activity was demonstrated by leaf microsomal assay, in
which AtDGAT1 or AtDGAT2 were transiently expressed underg inhibitor p19 only as control, (B) AtDGAT1 or, (C) AtDGAT2. Scale bar = 100 lm.
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ferent acyl-CoA substrates provided. C6:0-DAG is soluble which is
advantageous for this in vitro biochemical assay even though it is
not the natural substrate for most of plant DGATs [38]. We ﬁrst
conﬁrmed that the DAG to TAG conversion by AtDGAT2 was
acyl-CoA dependent. The C6:0/C6:0/C18:1-TAG was formed from
the provided [14C]sn-1,2-C6:0-DAG by AtDGAT1 or AtDGAT2 in
the presence of C18:1-CoA substrate, but only trace amount of
TAG formed in the absence of C18:1-CoA substrate (Fig. 5A, middle
lanes). This trace amount of TAG formation was possibly contrib-
uted by the endogenous acyl-CoA independent PDAT activity,
while the TAG formed in the presence of C18:1-CoA was the com-
bined result of DGAT and PDAT activities [38]. Expression of AtD-
GAT1 or AtDGAT2 resulted in higher DAG to TAG conversion. The
microsomal proteins from the N. benthamiana with p19 control
catalysed the formation of a small amount of TAG (0.069 nmol/
mg protein/min) from available [14C]sn-1,2-C6:0-DAG, resulted
from total activity of endogenous DGAT and PDAT. Some of
[14C]sn-1,2-C6:0-DAG was isomerized into [14C]sn-1,3-C6:0-DAG,
and was not used by these enzymes. In contrast, expressing AtD-
GAT1 generated 0.217 nmol TAG/mg protein/min, from available
[14C]sn-1,2-C6:0-DAG, while expressing AtDGAT2 resulted in
0.375 nmol TAG/mg protein/min. The overall efﬁciency of synthe-
sis of TAG was higher with AtDGAT2 than with AtDAGT1 for all
three tested acyl-CoA substrates, after subtracted the DAG to TAG
conversion rate of p19 control (Fig. 5B). AtDGAT1 displayed prefer-
ence for C18:1-CoA, and a similar conversion of DAG to TAG to the
p19 control when C18:3-CoA was supplied. In contrast, AtDGAT2
displayed a preference towards C18:3-CoA and C18:1-CoA, at least
when using C6:0-DAG as acyl receiver.
The higher DAG to TAG conversion rate of AtDGAT2 was further
demonstrated with leaf lysate preparation using C18:1-DAG as acyl
receptor. In this experiment, instead of directly adding with la-
belled [14C]18:1-DAG substrate (which would require detergent
or chemical addition to dissolve the C18:1-DAG), labelled DAG
was produced in leaf lysate by converting from the provided
[14C]18:1-MAG with a co-expressed mouse MGAT2 [26]. This
DAG was available as substrate for both the endogenous N. benth-
amiana DGAT and the transiently expressed AtDGAT1 or AtDGAT2.
The assay was repeated twice for 7.5 and 15 min, essentially at
similar level of conversion rates. The representative conversion
rates from 7.5 min assay are shown in Table 1. The p19 control con-
verted a small amount of labelled MAG (13%) to DAG and TAG with
a base conversion rate from available sn-1,2 DAG to TAG of 5.4%.
Expressing MGAT2 in leaf resulted in 43% of labelled MAG con-
verted to DAG. However, the DAG to TAG conversion rate by0 
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Fig. 4. Major fatty acid composition of leaf TAG expressing p19 only (control),
AtDGAT1 or AtDGAT2. Error bars denote standard deviation (n = 6). Asterisks
indicate statistically signiﬁcant differences compared with control (t-test, ⁄P < 0.05;
⁄⁄P < 0.001).endogenous DGAT enzyme(s) remained at a similar level (5.7%)
as p19 control. In contrast, co-expression of AtDGAT1 or AtDGAT2
with mouse MGAT2 led to the conversion rate of DAG to TAG in-
creased to 8.7% and 11.3%, respectively, i.e., 3.3% and 5.9% on top
of the control activity (no extra DGAT expression). The increased
conversion rate could likely be contributed by the transiently ex-
pressed AtDGAT1 or AtDGAT2. AtDGAT2 led to a higher DAG to
TAG conversion than AtDGAT1. This result was consistent with
the observed higher production of TAG by AtDGAT2 than by
AtDGAT1.
4. Discussion
A. thaliana AtDGAT1 was known for its activity of acyl-CoA:diac-
ylglycerol acyltransferase using DAG and acyl-CoA as substrates to
form TAG. AtDGAT2 was believed as non-functional enzyme due to
its absent activity in yeast cells or transgenic plants. Our results
from the transient expression of AtDGAT1 and AtDGAT2 in N.
benthamiana leaf revealed their acyl-CoA:diacylglycerol acyltrans-
ferase activity that was demonstrated by the following evidences.
Firstly, the expression of either gene increased the number of leaf
oil droplets compared to no ectopic DGAT enzyme. Secondly, the
amount of TAG isolated in leaf was increased substantially, from
25 lg TAG/100 mg dry leaf to 231 and 531 lg, with the overex-
pression of AtDGAT1 and AtDGAT2 respectively. Finally, the DGAT
in vitro assay experiment with [14C]-labelled C6:0-DAG and differ-
ent acyl-CoAs showed that both AtDGAT1 and AtDGAT2 increased
DAG to TAG conversion rate than p19 control, except AtDAGT1
with C18:3-CoA. And this DAG to TAG conversion was acyl-CoA
Table 1
Composition of neutral lipid with labeled MAG feeding.
Protein TAG formed (pmol/min/mg
protein)
DAG to TAG
conversion (%)
P19 2.66 5.4
P19 + MGAT2 9.11 5.7
P19 + MGAT2 + DGAT1 16.93 8.7
P19 + MGAT2 + DGAT2 24.24 11.3
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conversion when labelled C18:1-DAG substrate was generated
from the conversion of labelled MAG to DAG by co-expressing
the mouse MGAT2, although it was not direct C18:1-DAG feeding.
By using the N. benthamiana leaf transient expression system,
although not in the DGAT knock-out background, we demonstrated
for the ﬁrst time that the AtDGAT2 had the same function as AtD-
GAT1 but with a different proﬁle of TAG formation in leaf. This
clearly showed that AtDGAT2 also played an important role in
TAG accumulation.
Our data also showed that the fatty acid proﬁles of leaf TAGs by
expressing AtDAGT1 and AtDAGT2 were different. AtDGAT2 in-
creased both C18:2 and C18:3 polyunsaturated fatty acids (PUFA)
at the expense of C16:0, while AtDGAT1 had no obvious effect on
C18:3 proportion. DGAT1 generally uses a broad range of acyl-
CoA substrates and acyl receptors [3], while DGAT2s from plant
species that accumulate unusual fatty acids in their seed oils
showed the preference of activities on unusual fatty acid sub-
strates. Burgal et al. [16] showed that co-expression of RcDGAT2
from the high ricinoleic acid (RA) containing castor bean with cas-
tor fatty acid hydroxylase led to a higher RA accumulation in trans-
genic A. thaliana seeds, but not by the co-expression of AtDGAT2. It
may also imply that hydroxy fatty acid is not the preferred sub-
strate for AtDGAT2, while RcDGAT2 has been shown to have a pref-
erence to hydroxy fatty acid RA [16]. DGAT2 from ricinoleic acid
rich fungus Claviceps purpurea has also shown a preference to ric-
inoleoyl-CoA as the acyl donor over C18:1-, C18:2- or C18:3-CoA
[39]. Overexpression of VfDGAT2 from tung tree in yeast DGA1mu-
tant that disrupted in endogenous DGAT and phospholipid:diacyl-
glycerol acyltransferase enzyme activities, resulted in a signiﬁcant
increase in trieleostearin content and a decrease in monoeleostea-
royl-containing TAGs compared to VfDGAT1 [15]. DGATs from
vernolic acid producing plant V. galamensis increased epoxy fatty
acid accumulation in petunia leaves and soybean somatic embryos
with VgDGAT2 having much greater impact [17]. We also showed
that BpDGAT2 from B. pulchella, a high vernolic acid producing
plant, enhanced vernolic acid accumulation from 21% to 30% in A.
thaliana seed oil [18]. Different patterns of TAG species accumula-
tion were also observed when transiently expressed AtDGAT1 and
AtDGAT3 in N. benthamiana leaves [12]. In this case, AtDGAT3 pre-
ferred to recycle the C18:3 into TAG. Here we showed substantially
higher oil increase was observed with AtDGAT2 than with AtD-
GAT1 in N. benthamiana leaf, especially the proportion of C18:2
and C18:3 in TAG was increased, using native C16 and C18 as ma-
jor DAG substrates. This seemed to be due to the presence of the
high level of C18:3 in the leaf combined with the higher speciﬁcity
of AtDGAT2 for C18:3, which was also demonstrated by micro-
somal assay when using C6:0-DAG as substrate. The decrease in
C18:3 content in the polar lipid pool of AtDGAT2 inﬁltrated leaf
should be associated with the preferential transfer of C18:3 by
AtDGAT2.
It appears that DGAT1 and DGAT2 have non-redundant func-
tions in TAG biosynthesis. Tung tree VfDGAT1 and VfDGAT2 are en-
riched in different subdomains of the ER [15]. Furthermore,
VfDGAT2, but not VfDGAT1, co-localizes with glycerol-3-phosphate
acyltransferase GPAT8 and GPAT9 [40]. In human, DGAT2 acts up-
stream of DGAT1 and utilizes de novo synthesized fatty acids, whileDGAT1 functions in the re-esteriﬁcation of partial glycerides gener-
ated by intracellular lipolysis, using preformed fatty acids [41].
Murine DGAT2 is also enriched in mitochondrial-associated mem-
brane, a subdomain of the ER that is in physical contact with the
outer mitochondrial membrane, and interacts with lipid droplets
to promote the TAG storage [42]. DGAT2 deﬁciency in mice is lethal
[43], suggesting that DGAT1 is not able to compensate for the loss of
DGAT2 function. DGAT1 and DGAT2 belong to unrelated protein
families that share no sequence homology, therefore the function
of DGAT2 is unlikely replaceable by DGAT1, so is the AtDGAT2.
Microarray data [44,45] also showed that the expression pat-
terns of AtDGAT1 (At2g19450) and AtDGAT2 (At3g51520) are dif-
ferent in A. thaliana tissues. AtDGAT1 is highly expressed in
developing seed and pollen but very low in vegetative tissues,
while AtDGAT2 is highly expressed in most of vegetative tissues
but low in late stage of developing seeds. In an experiment to ana-
lyze the DGAT1, DGAT2 and PDAT expression pattern in seed and
other tissues, A. thaliana DGAT1 was shown to have higher expres-
sion in developing seed than DGAT2 [46]. The AtDGAT1 expression
increased sharply at seed development stage 4, the stage that the
seed oil content also increased sharply, while the C18:3 level in
the seed dropped signiﬁcantly. These facts may also suggest that
AtDGAT1 and AtDGAT2 tend to play different roles, i.e., AtDGAT1
plays a critical role in seed oil accumulation with broad range of
substrate speciﬁcity, and is essential for pollen and seed develop-
ment [5], while AtDGAT2 may mainly contribute to the TAG forma-
tion in vegetative tissues with a different substrate preference.
Indeed, crosses of A. thaliana AS11 (DGAT1 mutant)  DGAT2 mu-
tant resulted in an identical seed oil phenotype to AS11 alone
[5], but the TAG in leaf was not analysed.
Unlike the AtDGAT2, most of other plant DGAT2 enzymes show
an activity when expressed in yeast cells [15,47] or enhanced the
accumulation of unusual fatty acid containing TAG in transgenic
seed oils [16,17,48]. The failure of showing AtDGAT2 activity in
yeast cells is possibly due to the unfavored codon usage of this par-
ticular plant gene. Nevertheless, this is the ﬁrst evidence showing
that AtDGAT2 is a functional acyl-CoA dependent DGAT enzyme
that promotes the accumulation of TAG, at least in leaf assay. We
also show that the expression of AtDGAT2 substantially increased
the oil accumulation in leaves. In vitro assay with leaf lysate also
demonstrates that expression of either AtDGAT1 or AtDGAT2 in-
creased the conversion of the available DAG to TAG (Table 1). AtD-
GAT2 leads to a higher conversion rate than that of AtDGAT1 which
is consistent with the higher TAG increase in transiently expressed
leaf. Furthermore, in vitro assays show that AtDGAT2 prefers
C18:1-CoA and C18:3-CoA as acyl donors, at least when using
C6:0-DAG as acyl receiver. Thus it would be interesting to see its
speciﬁcity for x3 long chain PUFA (LC-PUFA), which could be use-
ful to enhance LC-PUFA in seeds. Wagner et al. [49] showed
DGAT2B from high LC-PUFA containing microalga Ostreococcus tau-
ri possessed broad substrate speciﬁcity accepting LC-PUFA as well
as saturated and monounsaturated acyl-CoA as substrates. Alterna-
tively, the AtDAGT2 could be a good candidate for producing high-
er oil in vegetativetissues, especially when the oil with enriched in
PUFA is needed.
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